Introduction
Plasma membrane repair occurs after membrane disruption and is a highly conserved process. The active process required for resealing membrane disruptions is thought to rely on Ca 2+ -dependent vesicle fusion and local cytoskeletal remodeling (1, 2) . Other models suggest that membrane repair is mediated through the fusion of lysosomal vesicles, lateral diffusion of membrane to the site of injury, and the extrusion of membranous blebs (3) (4) (5) (6) (7) . These models are not mutually exclusive and may depend on the type and extent of damage. Skeletal muscle is highly dependent on plasma membrane repair, as mutations in genes encoding repair proteins lead to muscle disease (8) (9) (10) (11) (12) (13) .
The annexins are a family of Ca 2+ -binding proteins that regulate lipid binding, cytoskeletal reorganization, and membrane folding, steps necessary for membrane repair (14) (15) (16) (17) (18) (19) . Individual annexin-repeat domains coordinate Ca 2+ binding with unique annexin-specific type II or type III binding sites. Differential Ca 2+ affinity of the type II and type III binding sites provides each annexin a unique ability to respond to a range of intracellular Ca 2+ levels and phospholipid binding (20) . Annexins have the ability to self-and hetero-oligomerize (21) . Typical annexins like A1 and A2 contain 1 annexin core composed of 4 annexin-repeat domains. In contrast, annexin A6 contains 2 annexin cores and thus 8 annex-in-repeat domains (22) . Annexin A6's duplicated structure makes it possible for the amino-and carboxyl-terminal annexin core domains to bind 1 or 2 distinct membranes, making annexin A6 a prime target for facilitating membrane coalescence and folding required during membrane repair (18, 19, 23) .
Annexins have a high affinity for phosphatidylserine, phosphatidylinositol, and cholesterol, which are highly enriched in the sarcolemma (24, 25) . Multiple annexins, including annexins A1, A2, and A6, have been implicated in membrane repair in skeletal muscle, as well as Xenopus oocytes, human trophoblasts, and HeLa cancer cells, suggesting a conserved mechanism (5, (26) (27) (28) (29) (30) (31) (32) . Annexins are recruited to the injured membrane in a sequential manner, forming a macromolecular repair complex at the membrane lesion referred to as a repair cap (5, 19, 29) . We previously identified a polymorphism in Anxa6, the gene encoding annexin A6, in several commonly used experimental mouse strains that correlated with impaired muscle repair (33) (34) (35) . This polymorphism produces a truncated annexin A6 protein that acts in a dominant-negative manner to reduce repair cap formation and interferes with sarcolemmal repair. Additional studies in mice have shown that loss of annexin A2 results in poor myofiber repair (12) . These data suggest that there is a coordinated recruitment of annexin proteins to the repair cap facilitated by dynamic protein-protein interactions.
Here, we assessed the kinetics of annexin A1, A2, and A6 in repair cap formation after membrane injury at multiple Ca 2+ concentrations. The repair cap formed by annexins A1, A2, and A6 increased with increasing Ca 2+ concentrations, while mutations in Ca 2+ -coordinating residues interfered with normal annexin repair cap formation. Annexin overexpression promoted the formation of external blebs at the site of mem-Membrane repair is essential to cell survival. In skeletal muscle, injury often associates with plasma membrane disruption. Additionally, muscular dystrophy is linked to mutations in genes that produce fragile membranes or reduce membrane repair. Methods to enhance repair and reduce susceptibility to injury could benefit muscle in both acute and chronic injury settings. Annexins are a family of membrane-associated Ca 2+ -binding proteins implicated in repair, and annexin A6 was previously identified as a genetic modifier of muscle injury and disease. Annexin A6 forms the repair cap over the site of membrane disruption. To elucidate how annexins facilitate repair, we visualized annexin cap formation during injury. We found that annexin cap size positively correlated with increasing Ca 2+ concentrations. We also found that annexin overexpression promoted external blebs enriched in Ca 2+ and correlated with a reduction of intracellular Ca 2+ at the injury site. Annexin A6 overexpression reduced membrane injury, consistent with enhanced repair. Treatment with recombinant annexin A6 protected against acute muscle injury in vitro and in vivo. Moreover, administration of recombinant annexin A6 in a model of muscular dystrophy reduced serum creatinine kinase, a biomarker of disease. These data identify annexins as mediators of membrane-associated Ca 2+ release during membrane repair and annexin A6 as a therapeutic target to enhance membrane repair capacity.
Results
Ca 2+ localizes to the repair cap upon membrane damage. Activation of muscle membrane repair requires the presence of external Ca 2+ (8) . We previously showed that annexin proteins aggregate into repair caps at the site of injury bordered by an annexin-free zone within the cytoplasm under the repair cap (5, 33, 35, 36) . To visualize Ca 2+ dynamics at the site of injury in real time, we utilized an in vivo fluorescent Ca 2+ indicator protein, GCaMP5G. GCaMP5G is a fusion protein composed of green fluorescent protein (GFP), the calcium-binding protein calmodulin, and the calmodulin M13 binding peptide. GCaMP5G has minimal fluorescence when not bound to Ca 2+ , and Ca 2+ binding results in a conformational change within the protein, increasing the fluorescence intensity of GFP (37) . We electroporated wild-type flexor digitorum brevis brane injury that were released from the repair cap. Overexpression of annexin A6 resulted in the formation of larger blebs being released from the repair cap. These vesicles were enriched in Ca 2+ -indicator protein GCaMP5G, and this enrichment of Ca 2+ correlated with a reduction of intracellular Ca 2+ fluorescence near the injury site. Annexin A6 overexpression promoted membrane repair, while mutation of residue E233, a critical Ca 2+ -coordinating residue in annexin A6, interfered with annexin repair-complex formation and decreased repair capacity. Local and systemic administration of recombinant annexin A6 reduced muscle damage in vivo. These data identify a role for annexins in bleb release from muscle membrane lesions during membrane repair and identify annexin A6 as a therapeutic target to protect against muscle injury. Myofibers were generated to express the Ca 2+ indicator GCaMP5G (green), and time-lapse single-slice images were assessed at time points after membrane disruption. (A) GCaMP5G fluorescence was present at the site of injury, at 2 seconds (arrow), indicating the presence of Ca 2+ immediately after damage at the site of injury (top panel). These data were validated with a non-protein-based Ca 2+ indicator, Fluo-4 AM (green, bottom panel). (B) Time-lapse images of myofibers coelectroporated with GCaMP5G and annexin A6-tdTomato (A6, red). GCaMP5G fluorescence was present at the site of injury localized around the annexin A6-free zone (arrowhead) and at the annexin A6 cap (arrow). GCaMP5G colocalized (merge, yellow, arrow) with the annexin A6 repair cap. Scale bars: 5 μm. (C) Myofibers expressing fluorescently tagged annexins A1, A2, or A6 were injured at multiple Ca 2+ concentrations. Annexin A1 and A6 repair cap size was reduced at 0.1 mM Ca 2+ compared with 2 mM and 0.5 mM. Annexin A2 repair cap area was significantly reduced at 0.05 mM Ca 2+ compared with 2 mM, 0.5 mM, and 0.1 mM Ca 2+ . (D) Cap kinetics were plotted as cap Feret diameter over a range of Ca 2+ concentrations. Annexin A2 had a statistically significant leftward shift in K m (1/2), followed by annexin A6 and then A1. Data are expressed as mean ± SEM. Differences were tested by 1-way ANOVA with Tukey's multiple-comparisons test (C). *P < 0.05 (n = 5 myofibers per condition). jci.org Volume 129 Number 11 November 2019
( Figure 1B , arrow, merge). We also evaluated whether pH changed with injury using pHrodo fluorescence, a non-protein-based pH indicator dye that changes fluorescence with different pH levels. We noted no change from the preinjury state (0 seconds) compared with 10 seconds after injury, when Ca 2+ indicator fluorescence is already increased at the site of injury (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI128840DS1). This temporal sequence is consistent with Ca 2+ accumulation at the site of injury facilitating annexin translocation and assembly into repair caps. Annexin repair caps exhibit differential Ca 2+ sensitivity during repair cap recruitment. Annexin proteins are Ca 2+ -dependent phospholipid-and actin-binding proteins that contain 4 annexinrepeat domains, or 8 in the case of annexin A6 (Supplemental Figure 2 ). Annexin-repeat domains bind Ca 2+ , but are distinct from the Ca 2+ binding of C2 domains and EF-hands seen in other classes of repair proteins (39) . Annexins coordinate Ca 2+ and bind membranes from their convex face (Supplemental Figure 2) , and both type II and type III Ca 2+ -binding sites have been described (FDB) muscle with the GCaMP5G plasmid and then injured the plasma membrane using laser ablation (5, 38) . Within 2 seconds of membrane injury (arrow in Figure 1A ), GCaMP5G fluorescence accumulated in the cytoplasm at the site of injury. GCaMP5G fluorescence intensity progressively increased through 260 seconds of imaging ( Figure 1A ).
To ensure these results were not a reflection of protein aggregation of the GCaMP5G sensor, we injured wild-type myofibers in the presence of Fluo-4 AM. Fluo-4 AM is a non-protein-based, Ca 2+ indicator dye that increases fluorescence intensity upon binding Ca 2+ and is routinely used to measure Ca 2+ dynamics. Similarly to GCaMP5G fluorescence, Fluo-4 AM fluorescence intensity increased at the site of laser-induced membrane injury 2 seconds after damage (arrow) and continued to increase intensity through the 260 seconds of imaging ( Figure 1A ). In myofibers coelectroporated with plasmids expressing GCaMP5G and annexin A6 with a carboxyl-terminal tdTomato fluorescent tag, GCaMP5G fluorescence localized in a ring around the annexin A6-free zone ( Figure  1B , arrowhead) and colocalized with annexin A6 at the repair cap cernable cap at Ca 2+ concentrations lower than 0.1 mM, seen as the significantly left-shifted annexin A2 curve with a K m (1/2) of 0.067 mM compared with A6 and A1, which showed a K m (1/2) of 0.12 mM and 0.17 mM, respectively ( Figure 1D ). Annexin A1 and A6 repair cap size and formation rate were highly dependent on Ca 2+ concentration (Supplemental Figure 4 ). The rate of annexin A2 cap formation and cap size was similar at 2 mM, 0.5 mM, and 0.1 mM Ca 2+ , while annexin A1 and A6 rates decreased with lower Ca 2+ concentrations, suggesting a high Ca 2+ affinity for annexin A2 (Supplemental Figure 4 ). To ensure that repair cap formation was not an artifact due to the type of laser injury, we induced laser injury with both the Nikon A1R GaSP confocal and the Nikon A1R MP+ multiphoton confocal. Injury induced by a multiphoton laser in annexin proteins. To further define the Ca 2+ requirements in annexin-mediated sarcolemmal repair in myofibers, we examined annexin A1, A2, or A6 repair cap formation at multiple Ca 2+ concentrations. Cap size was measured from the center of a Z-stack, and the type of fluorescent tag, turboGFP or tdTomato, did not alter assessed parameters (Supplemental Figure 3 , A and B). Annexin A1 and A6 repair cap size was Ca 2+ dependent, with the largest repair caps forming at 2 mM and smaller repair caps forming at 0.1 mM, while annexin A2 repair caps were not significantly reduced until 0.05 mM Ca 2+ (Figure 1 , C and D). Repair cap area was plotted as a function of Ca 2+ concentration using a modified Hill equation. Annexin A2 formed a repair cap at the lowest concentration of Ca 2+ (0.05 mM), while annexins A1 and A6 did not form a dis- membrane lesion (Figure 2A , red channel). These blebs appeared after the formation of repair caps and were seen at the extracellular tip of the repair cap, coincident with FM 4-64 fluorescence ( Figure 2 , A and B). FM 4-64 is a membrane-impermeant dye that is nonfluorescent in aqueous solution and increases fluorescence intensity as it binds membrane phospholipids exposed during injury; FM 4-64 is commonly used as a marker of membrane injury (8, 13, 38, 41, 42) . Overexpression of annexin A6 and annexin A2 induced significantly more blebs than were observed after annexin A1 overexpression or GCaMP5G alone ( Figure 2 , C and D). Furthermore, annexin-induced blebs were enriched for GCaMP5G, and annexin A6 induced the formation of significantly larger GCaMP5G-containing blebs as compared with annexin A1, A2, or GCaMP5G alone (Figure 2A , green channel, and 2D). A Z-stack compilation demonstrated large annexin A6-induced GCaMP5G-positive blebs emanating from the site of injury (Supplemental Video 1). In contrast, annexin A2 resulted in smaller blebs extruding from the repair cap (Supplemental Video 2). These data indicate that annexins not only form a repair cap at the site of membrane disruption, but that these caps serve as sites for excretion of extracellular components enriched for Ca 2+ -binding proteins.
Decreased intracellular Ca 2+ fluorescence at the site of injury with annexin overexpression. Time-lapse imaging of the Ca 2+ indicator GCaMP5G after laser injury indicated that intracellular Ca 2+ was decreasing concomitantly with extracellular bleb formation, suggesting that these blebs serve to reduce intracellular Ca 2+ accumulation through excretion (Supplemental Videos 1 and 2). The annexin-induced reduction in intracellular Ca 2+ fluorescence could be seen for all 3 annexins, A1, A2, and A6, but was most evident for annexin A2 and A6 ( Figure 3A ). Over the 240 seconds of imaging, overexpression of annexin A6 induced the most significant reduction in intracellular Ca 2+ , visualized as internal GCaMP5G-Ca 2+ fluorescence ( Figure 3B ). Detailed analysis of the first 20 seconds after injury showed a significant reduction in internal GCaMP5G-Ca 2+ fluorescence with annexin A2 and A6, but not annexin A1, when compared with GCaMP5G alone ( Figure 3C ). Baseline GCaMP5G fluorescence intensity prior to injury was not significantly different between groups ( Figure 3D ). Reduction in internal Ca 2+ fluorescence at the lesion with annexin A6 expression was confirmed using Fluo-4 AM (Supplemental Figure 6 ). Thus, annex-is more focused and produces less collateral damage. Annexin A6 repair caps appeared comparable with both types of lasers (Supplemental Figure 5 ). These data indicate that annexin A1, A2, and A6 repair cap formation is influenced by the level of Ca 2+ present during myofiber repair, with annexin A2 being the most Ca 2+ sensitive of the 3 annexins studied.
Annexin overexpression promotes bleb formation at the site of membrane injury. Membrane repair studies in Lytechinus pictus and Xenopus oocytes have observed membranous structures emerging and erupting from the site of membrane repair (30, 40) . Additionally, in artificial membrane preparations, the addition of recombinant annexins induced membrane folding or blebbing in a Ca 2+ -dependent manner at sites of membrane imperfection (18, 19) . We investigated whether similar findings could be observed at the site of muscle membrane injury in live skeletal myofibers. We expressed GCaMP5G alone or in combination with annexin A1, A2, or A6 in skeletal myofibers. We found that overexpression of annexins promoted the formation of extracellular blebs emanating from annexin repair caps at the Myofibers were coelectroporated with wild-type-tdTomato (red labels) and either wild-type-GFP or mutant-GFP (green labels) annexin constructs, and cap size was assessed after membrane damage; only the red channel is shown to demonstrate the effect on wild-type annexin. (B) Coexpression of mutant annexin A6E233A was sufficient to reduce wild-type annexin A6 cap assembly. Cap kinetics were plotted as cap Feret diameter over a range of Ca 2+ concentrations, from 0-2 mM. (C) Coexpression of annexin A6E233A was sufficient to significantly reduce the cap area of coexpressed annexin A1, A2, and A6. *P < 0.05 for WT + WT vs. WT + mutant. (D) Myofibers were electroporated with annexin A6-GFP or mutant A6E233A-GFP. Annexin A6E233A cap area (small arrow) was significantly smaller compared with annexin A6 (large arrowhead), correlating with increased FM 4-64 fluorescence area (large arrowhead). Scale bars: 5 μm. Data are expressed as mean ± SEM. Differences were assessed by 2-tailed t test (A, C, and D). *P < 0.05 (n = 4-18 myofibers from n = 3 mice per condition). jci.org Volume 129
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in expression induced a reduction in Ca 2+ signal within the injured myofiber concomitant with enhanced egress of Ca 2+ -binding-protein-filled blebs. Moreover, annexin A6 was the most effective of the 3 annexins tested at sustaining this response.
Overexpression of Ca 2+ -binding proteins like annexins may have unexpected effects on intracellular Ca 2+ signaling and cellular function. Therefore, we evaluated the Ca 2+ -handling and contractile properties of isolated myofibers overexpressing annexin A6 compared to controls. Isolated myofibers expressing annexin A6 were loaded with the ratiometric Ca 2+ indicator dye Indo-1, and we observed no differences in Ca 2+ cycling at 40 or 80 Hz stimulation frequencies between annexin A6 or control fibers (Supplemental Figure 7 , A-C). Unloaded cell shortening was also unaffected by the presence of overexpressed annexin A6 (Supplemental Figure 7 , D-F). These results demonstrate that annexin A6 overexpression was well tolerated by myofibers.
Annexin A6 Ca 2+ binding is required for repair cap formation and myofiber repair. Mutation of annexin A1 residue D171 and annexin A2 residue D161 was previously shown to inhibit annexin membrane translocation in HEK cells (28, 43) . We queried whether these mutations would inhibit translocation and formation of the macromolecular annexin repair cap formed after muscle membrane injury in live myofibers. Alignment of annexins A1, A2, and A6 protein sequences was used to identify the conserved residues within the consensus sequence of type II Ca 2+ -binding sites across all 3 annexin proteins (Supplemental Figure 2) . In order to disrupt Ca 2+ binding in annexin A1, A2, and A6, site-directed mutagenesis was performed to convert the aspartic acid residue in the first type II Ca 2+ -binding site into an alanine residue (A1D171A, A2D161A, and A6D149A, respectively) (Supplemental Figure 8A ). We also generated E233A in annexin A6, to create a similar change in the Ca 2+ -binding site in the second annexin-repeat domain of annexin A6. Each construct also contained turboGFP or tdTomato at the C-terminus. To assess the effect of homotypic annexin interactions during repair cap formation, myofibers were coelectroporated with wild-type plus wild-type (A6+A6) or wild-type plus mutant (A6+A6E233A) annexin combinations. Mutation of E233 in annexin A6 acted in a dominant-negative fashion, significantly decreasing cap size of the coexpressed wild-type annexin A6 protein ( Figure  4A ). Prior structural studies suggested that D149 in the first annexin-repeat domain of annexin A6 did not bind Ca 2+ (44) , and consistent with this, the D149A mutant in annexin A6 had little effect on cap size (Supplemental Figure 8B ). The repair cap Feret diameter was plotted as a function of Ca 2+ concentration using a modified Hill equation. Expression of mutant annexin A6E233A significantly reduced the cap diameter (D MAX ) of the coexpressed wild-type annexin A6 protein ( Figure 4B ). To assess the effect of heterotypic annexin interactions on repair cap formation, myofibers were coelectroporated with various combinations of wild-type and mutant annexin constructs. Coexpression of mutant annexin A6E233A resulted in a significant reduction in annexin A1, A2, and A6 cap size compared with A1+A6, A2+A6, and A6+A6 controls, respectively ( Figure 4C ). Together, these data show that annexin proteins interact in a homotypic and heterotypic fashion, influencing annexin repair-complex assembly and that the mutant annexin A6 protein is sufficient to negatively modulate annexin-complex assembly during repair.
Ca 2+ binding of both annexin A1 and A2 was also required for repair cap formation. A1D171A and A2D161A mutant cap size was reduced compared with wild-type annexin A1 and A2 controls, respectively. Expression of mutant annexin A1D171A and A2D161A significantly reduced the repair cap diameter (D MAX ) of the respective coexpressed wild-type annexin protein (Supplemental Figure  8B ). Despite the ability of mutant annexin A1D171A and A2D161A to significantly decrease coexpressed wild-type annexin A1 and A2 cap size, respectively, A1D171A or A2D171A had minimal effect on wild-type annexin A6 cap size (Supplemental Figure 8C ). These data show that annexin A1 and A2 interact in a homotypic fashion to influence self-cap assembly, while A6 localization to the repair cap is minimally modulated by annexin A1 and A2 localization.
To determine the effect of dominant-negative annexin A6 on the assembly of annexins A1, A2, and A6 at the repair cap and membrane repair capacity, laser injury was similarly performed on isolated myofibers in the presence of FM 4-64. Myofibers expressing annex- in A6E233A-GFP had increased FM 4-64 fluorescence area after laser injury compared with control myofibers expressing wild-type annexin A6-GFP ( Figure 4D ). These results indicate that a functional annexin repair complex is required for proper membrane repair and annexin A6 participates in orchestrating complex formation. Annexin A6 protected against laser-induced myofiber injury in vitro in a Ca 2+ -dependent manner. Since annexin A6 facilitates the formation of the macromolecular repair cap complex and was the most efficient at forming large, Ca 2+ -filled blebs at the site of membrane injury, we assessed whether expression of annexin A6 would reduce membrane injury in wild-type myofibers. Wild-type myofibers were electroporated with annexin A6-GFP or mock electroporated and then laser damaged in the presence of FM 4-64 to mark the injury area. Wild-type myofibers overexpressing annexin A6 had decreased FM 4-64 dye uptake after laser-induced membrane injury compared with control myofibers ( Figure 5A ). These results indicate that intracellular overexpression of annexin A6 is effective at improving membrane repair and/or protecting against laser-induced membrane injury in isolated myofibers.
Since intracellular annexin A6 targets phospholipids exposed at the site of membrane injury and enhances membrane repair capacity, we hypothesized that extracellular recombinant annexin A6 would also localize to the site of injury and protect against membrane injury. Muscular dystrophy is a progressive muscle-wasting disease, arising from loss-of-function mutations in critical cytoskeletal or membrane-associated proteins, often resulting in fragile plasma membranes. To determine if recombinant annexin A6 could protect against membrane insult in both healthy and dystrophic muscle, wild-type and dystrophic myofibers from a model representing Duchenne muscular dystrophy were isolated and incubated with recombinant annexin A6 or vehicle control. Laser injury was conducted in the presence of FM 4-64 to visualize the extent of injury. Treatment with extracellular recombinant annexin A6 reduced FM 4-64 fluorescence area compared with vehicle control-treated myofibers, indicating enhanced repair in both healthy and dystrophic myofibers ( Figure 5 , B and C).
To assess whether recombinant annexin A6's protective effects required external Ca 2+ , wild-type myofibers were pretreated with recombinant annexin A6, loaded with FM 1-43, a fluorescent marker of membrane damage similar to FM 4-64, and subsequently damaged in solution containing 1 mM Ca 2+ or 0 mM Ca 2+ plus EGTA, a Ca 2+ chelator. FM 1-43 fluorescence accumulation at the lesion over time (F/F0) was significantly increased in the absence of Ca 2+ compared with that in the presence of 1 mM Ca 2+ ( Figure 6, A and B) . These data demonstrate that extracellular recombinant annexin A6 protects against membrane injury and/or enhances repair through extracellular exposure in a Ca 2+ -dependent manner.
Recombinant annexin A6 protected against acute muscle injury in vivo. To determine the therapeutic potential of recombinant annexin A6 to protect against muscle injury in vivo, recombinant annexin A6 was utilized as a tool compound. Recombinant annexin A6 or vehicle control was injected intramuscularly into the tibialis anterior muscles of wild-type mice 2 hours prior to toxin-induced injury. Mice were injected intraperitoneally with Evans blue dye, a vital tracer that is excluded by intact healthy myofibers but is readily taken up in injured, permeable myofibers (45) . Three hours after cardiotoxin injury muscle was evaluated for Evans blue dye uptake ( Figure 7A ). Gross imaging showed that pretreatment with recombinant annexin A6 reduced cardiotoxin-induced muscle damage in vivo, as seen as less dye (blue) uptake compared with controls ( Figure 7B ). Fluorescence imaging showed a 50% decrease in dye (red) uptake with recombinant annexin A6 pretreatment compared with control muscle ( Figure 7C ). Surface plot profiles illustrate reduced dye fluorescence in tibialis anterior muscle pretreated with intramuscular recombinant annexin A6 ( Figure 7D ).
Although intramuscular injection of annexin A6 was effective at reducing acute injury, this route of application is not optimal for large muscle groups, internal tissues, or treatment of chronic diseases. Therefore, we examined the efficacy of recombinant annexin A6 administered systemically via retro-orbital injection in the protection against acute muscle injury. Recombinant annexin A6 or vehicle was injected into the retro-orbital cavity 2 hours prior to toxin-induced injury. Mice were simultaneously injected A and B) Wild-type myofibers were isolated and loaded with a fluorescence marker of membrane damage, FM 1-43 (green). Myofibers were pretreated with recombinant annexin A6 (rANXA6) and then damaged in 1 mM Ca 2+ solution or 0 mM Ca 2+ plus EGTA, a calcium chelator. FM 1-43 fluorescence uptake over time was significantly reduced at 1 mM Ca 2+ compared with when EGTA was present. Scale bars: 5 μm. Data are expressed as mean ± SEM. Differences were tested by 2-way ANOVA with Bonferroni's multiple-comparisons test. *P < 0.05 (n = 10 myofibers per condition; n = 3 mice per condition). jci.org Volume 129
Number 11 November 2019 mg/kg, through retro-orbital systemic injection. Two hours after protein administration, cardiotoxin was injected into the tibialis anterior muscles to induce focal muscle injury. Muscle was harvested 7 days after injury and histology evaluated for injury area ( Figure 8E ). Pretreatment with recombinant annexin A6 reduced the percentage of injured muscle, marked by internal myonuclei (black dotted outline), at 7 days after insult (Figure 8 , F and G). These data illustrate that systemic administration of recombinant annexin A6 protects against acute muscle injury, enhancing myocyte survival and/or recovery from injury. Recombinant annexin A6 protected against chronic muscle injury in vivo. We next assessed the ability of recombinant annexin A6, administered systemically, to protect against muscle damage in the Sgcg-null mouse model of limb girdle muscular dystrophy type 2C (LGMD2C) (46) . Sgcg-null mice lack γ-sarcoglycan, an with Evans blue dye. Three hours after cardiotoxin injury muscle was evaluated for Evans blue dye uptake ( Figure 8A) . Fluorescence imaging showed a 38% decrease in dye (red) uptake with recombinant annexin A6 pretreatment compared with vehicle control (Figure 8 , B and C). Surface plot profiles illustrate reduced dye fluorescence in muscle pretreated with systemic recombinant annexin A6 ( Figure 8C ). In addition, whole-tissue spectroscopic analysis of injured gastrocnemius/soleus muscles revealed a 58% reduction in dye uptake with extracellular recombinant annexin A6 pretreatment compared with vehicle treated ( Figure 8D ). These results demonstrate that local and systemic administration of recombinant annexin A6 protects against acute muscle injury in vivo.
To determine if recombinant annexin A6 administration enhanced myofiber survival and/or recovery from injury, mice were administered recombinant annexin A6 or BSA control, at 1 treated mice showed qualitatively less injury ( Figure 9F ). These data indicate that extracellular recombinant annexin A6 protects against injury or enhances repair in chronically injured, dystrophic mouse muscle, in vivo.
Discussion
Annexins promote calcium-filled bleb formation at the site of membrane injury. Plasma membrane instability is inherent to many forms of muscular dystrophy and thought to contribute to dysregulated Ca 2+ homoeostasis and disease pathogenesis. Molkentin and colleagues showed that transgenic overexpression of transient receptor potential cation channel subfamily C member 3 (TRPC3) was sufficient to increase myofiber Ca 2+ influx and result in a dystrophy-like phenotype (47) . Correspondingly, transgenic overexpression of sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase (SERCA1) reduced cytosolic Ca 2+ levels and mitigated dystrophic muscle pathology, implicating Ca 2+ in disease progression (48) . We found that increased expression of annexins in muscle fibers decreased injury-associated Ca 2+ fluorescence within myofibers. This reduction of Ca 2+ -associated fluorescence was at the injury site and correlated with extracellular bleb formation emanating from annexin repair caps. Both annexin A2 and A6 could induce the formation of membranous blebs containing the Ca 2+ -binding protein GCaMP5G. Furthermore, overexpression of annexins A1, A2, and A6 each reduced endpoint Ca 2+ fluorescence accumulation within the myofiber after injury. Of the 3 annexins tested, annexin A6 overexpression resulted in the most sustained effect on reducing the formation of large GCaMP5G-containing blebs induced by injury-associated Ca 2+ accumulation. In HEK293 cells damaged with streptolysin O (SLO), the presence of extracellular membranous blebs correlated with increased cell survival and reduction in cytoplasmic Ca 2+ levels, a process facilitated by annexin A1 (7) . Davenport and colleagues showed that overexpression of annexin A1-GFP in injured Xenopus oocytes resulted in annexin A1-positive blebs originating from the site of damage (30) . However, the effects of annexin A2 or A6 overexpression were not integral membrane component of the dystrophin glycoprotein complex required for membrane stability and function. Humans and mice lacking γ-sarcoglycan develop progressive muscle disease, reduced muscle function, and elevated serum creatine kinase (CK), a serum biomarker of muscle injury and membrane leak. To determine if recombinant annexin A6 protected in dystrophic muscle, Sgcg-null mice were treated systemically with recombinant annexin A6 or BSA control over 48 hours ( Figure 9A ). Mice were then subjected to 60 minutes of treadmill running to induce physiological muscle damage and CK release. Recombinant annexin A6 reduced the fold change of CK after exercise normalized to pretreatment levels, consistent with improved membrane resealing ( Figure 9, A and B) . We also injected recombinant annexin A6 over a 2-week interval in Sgcg-null mice. Recombinant annexin A6 was injected (1 mg/kg) once every 3 days for 14 days ( Figure 9C ). Administration of recombinant annexin A6 significantly decreased levels of serum CK compared with control treatment at day 14 ( Figure  9D ). Annexin A6 was more effective than annexin A2 at reducing intracellular Ca 2+ after injury ( Figure 2D ). Using the same 14-day dosing regimen in Sgcg-null mice, short-term systemic administration of recombinant annexin A6 significantly reduced serum CK levels compared with recombinant annexin A2 ( Figure 9E ). The gastrocnemius/soleus muscle from recombinant annexin- Annexin A6 protects against muscle membrane injury and enhances membrane repair. We showed that annexin proteins, including annexin A1, A2, and A6, localize to the site of membrane injury, facilitating membrane repair cap and bleb formation. Mutation of annexin A6 abrogated repair cap formation, decreasing repair capacity, resulting in increased dye uptake. On the other hand, pretreatment with recombinant annexin A6 reduced dye uptake after laser-induced muscle injury and after toxin-induced muscle injury in vivo. Our current data, however, do not distinguish between annexin A6 enhancing membrane repair, reducing membrane injury, or a combination of both mechanisms. As a therapeutic tool, enhancing the cells' ability to repair and/or reduce injury through stabilizing the cell membrane are both beneficial avenues that can lead to improved cell survival. Our previous studies have shown that annexin A6 is upregulated in muscle from models of chronic muscular dystrophy (33, 35, 49) . Proteomic profiling of mdx mouse muscle showed that annexins A1 and A2 are enriched in mdx muscle membrane, consistent with a role for annexins at the membrane of injured muscle cells (50) . Annexins bind membrane phospholipids, including phosphatidylserine, which is exposed during membrane disruption. Phosphatidylserine rear-assessed in either study. These data combined suggest that bleb formation as a mechanism of membrane repair is conserved across species and tissue types and is facilitated by the presence of annexin proteins. We envision a model in which annexin A6 facilitates cytoplasmic Ca 2+ and protein excretion into extracellular blebs whose formation is further induced by annexin A1 and annexin A2. In artificial membrane patches, the presence of annexin A1 or annexin A2 induced bleb formation at sites of membrane imperfection (18) . In contrast, the presence of annexin A6 induced Ca 2+ -dependent contraction of an artificial membrane into large folds (18) . The difference between annexin A6 inducing blebs in live myofibers or folds in an artificial membrane may reflect the presence of endogenously expressed annexin A1 and A2 in isolated myofibers compared with exposure to a single recombinant annexin protein in the artificial membrane studies. We hypothesize that within the macromolecular repair complex, multiple annexins actively participate in bleb formation, which acts to remove large membrane lesions and facilitates wound closure, excision of damaged membrane, and reduction of Ca 2+ at the injury site. A and B) Sgcg-null mice, a model of limb girdle muscular dystrophy 2C, were injected intravenously with recombinant human annexin A6 (rANXA6) or BSA control solution 5 times over 48 hours. Prior to injections, serum creatine kinase (CK) was measured. Two hours after the fifth injection, mice were subjected to 60 minutes of downhill running. Thirty minutes after exercise, serum CK was measured. The fold change in CK after/before running was significantly reduced with rANXA6 administration compared with BSA-injected controls, consistent with a reduction in muscle injury from acute running. (C and D) Sgcg-null mice were injected intravenously every 3 days over 14 days with rANXA6 or control. On day 14, serum CK was evaluated. Serum CK in Sgcg-null mice treated with rANXA6 was lower than PBS control. (E) Sgcg-null mice were injected intravenously every 3 days for 14 days with rANXA6 or recombinant annexin A2. The serum CK fold change after/before treatment (day 14/day 0) was significantly reduced in Sgcg-null mice treated with recombinant annexin A6 compared with annexin A2. (F) Histological analysis of gastrocnemius/soleus muscles from Sgcg-null mice shown in part D injected with PBS or recombinant annexin A6. Low magnification is on the left and high magnification of boxed areas is on the right. Scale bars: 500 μm (left) and 50 μm (right). Data are expressed as mean ± SEM. Differences were assessed by 2-tailed t test (B and E). *P < 0.05 (n = 3 mice per condition, except part D, in which n = 2 WT controls, 1 Sgcg-null control, and 2 Sgcg-null treated mice). jci.org Volume 129 Number 11 November 2019
a "molecular band-aid" for improving cellular wound healing. Similar to the annexins, MG53 is upregulated in chronic muscle injury and enhances repair in dystrophic muscles, as well as other tissues like heart, lung, and kidney (54) (55) (56) (57) (58) (59) . MG53 is a component of the annexin-mediated repair complex, localizing adjacent to the annexin repair cap (5) . Additional studies are required to determine if coadministration of recombinant annexin A6 with glucocorticoids and/or MG53 will further strengthen the clinical relevance of these putative therapeutics for conditions resulting from membrane lesions.
Methods
Animals. Wild-type mice from the 129T2/SvEmsJ background were bred and housed in a specific pathogen-free facility on a 12-hour light/12-hour dark cycle and fed ad libitum in accordance with the Northwestern University's Institutional Animal Care and Use Committee regulations. 129T2/SvEmsJ (129T2) mice were purchased from the Jackson Laboratory (stock 002065). mdx/hLTBP4 mice were generated as described previously (34, 60) . Sgcg-null mice were generated as described in Hack et al. (46) . Two-to 3-monthold males and females were used for all wild-type mouse experiments. Sgcg-null cohorts were age and sex matched with mice between 2 and 5 months old.
Plasmids. Plasmids encoding annexin A1, A2, and A6 with a carboxyl-terminal turboGFP tag were obtained from Origene. Subcloning of annexin A1, A2, and A6 to replace the GFP tag with tdTomato (Addgene) was performed by Mutagenix. Site-directed mutagenesis was performed by Mutagenix on annexin A1-GFP, A2-GFP, and A6-GFP to create the Ca 2+ -binding mutants A1-D171A-GFP, A2-D161A-GFP, A6-D149A-GFP, and A6-E233A-GFP. Constructs were sequenced to verify mutagenesis. Plasmid DNA was isolated using the EndoFree Plasmid Maxi Kit (Qiagen, 12362). The Ca 2+ sensor GCaMP5G was purchased from Addgene (catalog 31788).
Sequence comparison and protein schematics. Protein ribbon diagrams were generated using Swiss-PdbViewer using solved crystal structures of annexin A1 (1MCX), annexin A2 (2HYW), and annexin A6 (1AVC) available on www.rcsb.org. Clustal Omega from the European Bioinformatics Institute (EMBL-EBI) was used to align the sequences (from www.ncbi.nlm.nih.gov) annexin A1 (NM_010730), annexin A2 (NM_007585), annexin A6 (NM_013472), and annexin A6-encoding sequencing from multiple species (Homo sapiens [AAH17046.1 Electroporation, myofiber isolation, laser injury, and cap and vesicle measurement. Flexor digitorum brevis (FDB) fibers were transfected with endotoxin-free plasmid DNA by in vivo electroporation. The utilized methods were described previously (5, 38, 61) . Z-stack projections were acquired from consecutive acquisitions after the final timelapse frame, approximately 4 minutes after damage, with a 0.125-μm step size between slices. Z-stack renderings were constructed in FIJI (NIH). Measurement of the cap area and Feret diameter was conducted from a single slice near the middle of the Z-stack using FIJI imaging tools. Fibers expressing similar levels of tagged or GCaMP5G protein were compared. GCaMP5G-Ca 2+ fluorescence was measured from the acquired time-lapse images, using a standard rectangular region of interest, placed inside the myofiber below the site of damage using FIJI. Fluorescence is expressed as F/F0. External vesicle number and rangement after injury provides an optimal binding target for extracellular annexins to facilitate membrane folding, blebbing, and rolling at sites of membrane damage and imperfection (18) . We hypothesize that upregulation of annexins is a compensatory mechanism to facilitate excision of defective membrane in fibers undergoing chronic damage.
Additional studies of cardiac muscle injury further suggest a role for annexin proteins in modulating the repair response. Administration of recombinant annexin A1 or the N-terminal annexin A1 peptide (AC2-26) elicited a cardioprotective response in a rat model of myocardial ischemia-reperfusion-induced injury (51) . Meng et al. demonstrated that downregulation of annexin A3 resulted in cardioprotection, decreasing rat myocardial infarct size through activation of AKT signaling (52) . In addition to membrane reorganization, annexins act as scaffolds regulating multiple downstream intracellular signaling cascades important for orchestrating repair from injury. Both intra-and extracellular functions of annexin proteins should be considered when evaluating the therapeutic potential of annexin proteins.
The studies presented herein indicate that human recombinant annexin A6 protein may be a suitable biologic to protect against acute muscle injury. We showed that human recombinant annexin A6 was capable of resealing injured membrane in mouse models, confirming functional activity of the human recombinant protein in a mouse preclinical model. Human and mouse annexin A6 proteins are 94.35% identical at the amino acid level, with increasing percentages of amino acid conservation between humans and rat (94.65%), dog (95.54%), and monkey (98.96%), and this high degree of similarity is consistent with the human recombinant protein having efficacy in a mouse model (Supplemental Figure 9 ). The current studies are limited by recombinant protein available, and further studies are needed to determine if recombinant annexin A6 can facilitate membrane repair and reduce the susceptibility to injury long-term in chronic models of muscle disease and in tissues beyond skeletal muscle. Annexin A6 was originally identified in a mouse model of muscular dystrophy as a genetic modifier of muscle membrane leak, and annexin A6 was subsequently shown to modify injury response in healthy mouse muscle (35) . We hypothesize that enhancing repair through administration of recombinant annexin A6 protein will provide similar protection in dystrophic muscle but would require longterm intermittent dosing. Future studies will require optimizing mammalian recombinant annexin A6 protein production to generate sufficient quantities of purified protein.
Combinatorial approaches to improve membrane repair. We now described recombinant annexin A6 and its ability to protect normal and dystrophic muscle from laser-induced membrane injury. In addition, both intramuscular and systemic administration of recombinant annexin A6 protected against toxin-induced muscle membrane injury in vivo. We previously found that glucocorticoid administration increased annexin expression in muscle, and this correlated with enhanced muscle repair in multiple mouse models of muscular dystrophy including mdx (Duchenne), dysferlin-null (LGMD2B), and γ-sarcoglycan-null (LGMD2C) mice (36, 53) . Glucocorticoid treatment also increased the expression of the Trim72 gene that encodes mitsugumin 53 (known as MG53), a repair protein that localizes to the site of membrane injury and considered jci.org Volume 129 Number 11 November 2019 muscles in sedated animals (3% isoflurane, 0.8 L/min O 2 ) 2 hours after pretreatment. Cardiotoxin was released down the midline of the muscle to induce a homogeneous area of injury at the center of the muscle. Muscle was harvested 3 hours after cardiotoxin injection. Evans blue dye uptake. Sections (10 μm thick) from the center of frozen-embedded muscles were collected on a cryostat (chamber, −20°C; sample, −15°C; catalog CM1950, Leica). Tissue sections were fixed with methanol for 2 minutes, rinsed, and mounted with Vectashield with DAPI (H-1200, Vector Laboratories). Imaging was performed using a Zeiss Axio Observer A1 microscope, using a ×10 objective. ZEN software (Zeiss) was used for acquiring images. Fluorescence quantitation, surface plots, and muscle area calculations were performed using FIJI. For whole-tissue dye quantification, whole tissue was dissected, finely minced, weighed, and incubated at 55°C in 1 mL of formamide for 2 hours. Spectrophotometric absorbance was measured at 620 nm.
Serum collection and CK analysis. Mice were sedated (3% isoflurane, 0.8 L/min O 2 ) and blood was collected by means of retro-orbital puncture with heparinized capillary tubes (20-362-566, Thermo Fisher Scientific) into Microtainer Gold Top Serum Separators (365967, Becton Dickinson) and centrifuged at 8,000 g for 10 minutes. The plasma fractions were frozen and stored at −80°C. Serum CK was analyzed in duplicate for each mouse using the EnzyChrom Creatine Kinase Assay (ECPK-100, BioAssay Systems) following the manufacturer's instructions and as described previously (33) . Results were acquired with the Synergy HTX multi-mode plate reader (BioTek).
Short-term chronic dosing regimen. Sgcg-null mice were sedated (3% isoflurane, 0.8 L/min O 2 ) and blood collected as described above. While sedated, mice were injected with 1 mg/kg recombinant annexin A6 (5186-A6-050, R&D Systems) or PBS into the right retro-orbital cavity once every 3 days for a total of 5 injections, and then blood drawn on day 14 after the initial injection. An additional cohort of Sgcg-null mice had blood drawn as described above immediately prior to the first protein injection. Then, 1 mg/kg recombinant annexin A6 or annexin A2 (both produced by Northwestern's Protein Production Core) was injected into the right retro-orbital cavity of sedated mice, once every 3 days for a total of 5 injections and then blood drawn on day 14 after the initial injection.
Exercise injury. Sgcg-null mice were sedated (3% isoflurane, 0.8 L/min O 2 ) and blood was collected before exercise by means of left retro-orbital puncture as described above. While sedated, mice were then injected with 1 mg/kg recombinant annexin A6 (5186-A6-050, R&D systems) or PBS plus 1 mg/kg BSA into the right retro-orbital cavity at 9 am and 5 pm for 5 consecutive injection over 48 hours. Two hours after the fifth retro-orbital injection, mice were subjected to 60 minutes of treadmill running at 10 m/min at a 15° decline. Thirty minutes after exercise, blood was collected from the left retro-orbital cavity. Serum CK was analyzed as described above. Injections, exercise, and blood draws were performed blinded to treatment group.
Protein production. Recombinant mouse annexin A6 and mouse annexin A2 were produced and purified by the Northwestern's recombinant protein production core. Briefly, mouse annexin A6 (MG222645, Origene) and annexin A2 (MG205064, Origene) were subcloned into the pCMV6-AC-His backbone (PS100002, Origene). Plasmids were transfected and expressed with an ExpiCHO expression system (A29133, Thermo Fisher Scientific). Carboxyl-terminal-tagged recombinant protein was purified with Ni-charged MagBeads (L00295, Gen-Script) and purity evaluated by SDS-PAGE. Protein purity was addition-GCaMP5G area were measured from endpoint Z-stacks and max-projection images using FIJI. Vesicles were considered external if they were found outside the sarcolemma assessed in brightfield and fluorescence channels. All measurements were acquired from myofibers isolated from at least 3 mice, n = 3 myofibers per mouse.
For recombinant myofiber studies, myofibers were isolated from mdx/ hLTBP4 mice as described above. Myofibers were incubated in Ringer's media with or without 25 μg/mL recombinant annexin A6 (5186-A6-050, R&D Systems). FM 4-64 (2.5 μM) was added to the myofibers just prior to imaging. Images were acquired and quantitated as described above. The FM 4-64 area was measured using FIJI at imaging endpoint from a single slice near the middle of the Z-stack. Z-stack step size (0.125 μm) was acquired from cap end to end.
Myofiber quality control was based on a number of characteristics, including using adherent myofibers with intact sarcomere structure detected through brightfield imaging. Myofibers appeared devoid of tears or ruptures induced during the isolation protocol. The region of the myofiber selected for damage was linear and not located on a nucleus or neuromuscular junction. Additionally, fluorescence intensity within both the red and green channels suggested similar expression levels prior to damage.
Multiphoton laser injury and imaging. Fibers were subjected to laser-induced damage at room temperature using the Nikon A1R-MP+ multiphoton microscope. Imaging was performed using a ×25 1.1-NA objective directed by the NIS-Elements AR imaging software. GFP and FM 4-64 were excited using a 920-nm-wavelength laser and emission wavelengths of 575 nm and 629 nm were collected, respectively. To induce laser damage on isolated myofibers, a diffraction-limited spot (diameter approximately 410 nm) was created on the lateral membrane of the myofiber using a 920-nm-wavelength laser at 10%-15% laser power for 1 second. Time-lapse images were collected as follows: one image was collected prior to damage, one image upon damage, and then every 8 seconds for 80 seconds (10 images) followed by every 30 seconds for 5 minutes (10 images). At the end of the time-lapsed image series, Z-stack images were collected at 250nm intervals through the damaged site on the myofiber directed by the NIS-Elements AR imaging software. The multiphoton microscope was used to acquire data presented in Supplemental Figure 5 , Figure  4D , and Figure 6 .
For recombinant protein and calcium studies, myofibers were isolated from wild-type mice as described above. Myofibers were incubated in 20 μg/mL recombinant annexin A6 (5186-A6-050, R&D Systems) in 1 mM Ca 2+ Ringer's or 0 mM Ca 2+ plus EGTA. FM 1-43 (2.5 μM) was added to the myofibers just prior to imaging. Images were acquired and quantitated as described above. FM 1-43 fluorescence over time was measured using FIJI and plotted over time as F/F0.
Cardiotoxin injury and analysis. Tibialis anterior muscles of wildtype mice were injected with 25 μg/mL recombinant annexin A6 (5186-A6-050, R&D Systems) or Ringer's in sedated mice (3% isoflurane, 0.8 L/min O 2 ). For systemic administration, wild-type mice were injected with 1 mg/kg recombinant annexin A6 (5186-A6-050, R&D Systems) or PBS diluted in Evans blue dye at 5 μL/g body weight (E-2129, Sigma-Aldrich) into the retro-orbital cavity of sedated mice (3% isoflurane, 0.8 L/min O 2 ). Additionally, mice were injected with Evans blue dye at 5 μL/g body weight dissolved in PBS at 10 mg/mL. Cardiotoxin injury was induced by injecting 20 μL of a 10 μM cardiotoxin solution in PBS into tibialis anterior or gastrocnemius/soleus ally validated by immunoblot using anti-His (MAB050, R&D Systems) and anti-annexin A6 (ab31026, Abcam) or anti-annexin A2 (ab154113, Abcam) antibodies. Protein was diluted in PBS and stored at -80°C.
Calcium kinetics. FDB muscle was electroporated and isolated as described above. Myofibers were damaged in Ringer's solution with Ca 2+ concentrations of 2 mM, 1 mM, 0.5 mM, 0.25 mM, 0.175 mM, 0.1 mM, 0.050 mM, and 0 mM. EDTA was added as a Ca 2+ -chelating agent in only in the 0 mM Ca 2+ Ringer's. Myofibers were isolated directly into 2 mM, 1 mM, and 0.5 mM Ringer's for those experiments, respectively. For experiments using less than 0.5 mM Ca 2+ , myofibers were isolated in 0.5 mM Ca 2+ Ringer's and then diluted with 0 mM EDTA-free Ca 2+ Ringer's. For the 0 mM experiments, myofibers were isolated in 0.5 mM Ca 2+ Ringer's, which was then replaced with 0 mM Ca 2+ Ringer's with EDTA just prior to imaging. Coelectroporation of wild-type annexin and wild-type annexin constructs was performed in one mouse foot, while the contralateral foot was coelectroporated with wild-type annexin and mutant annexin. All measurements were acquired from myofibers isolated from at least n = 2 mice, n = 3 myofibers per mouse at each Ca 2+ concentration. Repair cap areas were fitted with a Hill curve at Ca 2+ concentrations ranging from 0-2 mM. Kinetic parameters were calculated using Prism (GraphPad).
Calcium and pH indicator dye measurements. Wild-type FDBs were isolated and plated in Ringer's on Matek glass-bottom dishes as described above. Twenty minutes prior to imaging, myofibers were loaded with Fluo-4 AM at 37°C (F10489, Thermo Fisher Scientific) or pHrodo AM (P35373, Thermo Fisher Scientific) as described in the instruction manual. Fibers were rinsed once with Ringer's and then subsequently damaged and imaged on the Nikon A1R GaSP, as described above. Fluorescence intensity was measured using FIJI. pHrodo change in fluorescence intensity was calculated as F/F0. Data were acquired from n = 3 mice per experiment from multiple myofibers per mouse. Additionally, wild-type myofibers were incubated in 0 mM Ca 2+ for 1 hour, preloaded with Fluo-4 AM for 20 minutes prior to imaging, rinsed, and then damaged on the Nikon A1R-MP+ in the presence of 0 mM external Ca 2+ with or without EGTA in the external Ringer's solution.
Cardiotoxin injection and histology. Wild-type mice were sedated (3% isoflurane, 0.8 L/min O 2 ) and then injected with 1 mg/kg recombinant annexin A6 (5186-A6-050, R&D Systems) or PBS plus 1 mg/kg BSA into the right retro-orbital cavity and allowed to recover. Two hours after injection mice were sedated for a second time. While sedated, the tibialis anterior muscles were injected along the midline with 10 μM cardiotoxin in 20 μL of PBS as described above. Seven days after injection, the muscle was isolated and frozen. Muscle sections were acquired every 100 μm from muscle tendon into the mid belly, fixed, and stained with hematoxylin and eosin. Imaging was performed using a Zeiss Axio Observer A1 microscope with a ×10 objective. ZEN software (Zeiss) was used for acquiring tiled images. Percentage injury area was calculated as the average injured area (containing internal myonuclei) divided by total muscle area of 3 sections per muscle. One muscle from each group was excluded due to a technical error in tissue processing. Damage area was measured using FIJI.
